Abstract Some diuretic substances are controlled and monitored by the World Anti-Doping Agency as prohibited substances for use by athletes, such as triamterene (TRT). Thus, this work describes a voltammetric method based on graphiteepoxy composite electrode modified by tosyl-functionalized magnetic particles (GECE/MPs-To) for determination of TRT diuretic in urine sample. The TRT presented an oxidation peak at +1.24 V at GECE/MPs-To with irreversible behavior. Controlled potential electrolysis of the TRT at +1.26 V indicated the two electrons are transferred during amine group oxidation and the main product was identified by LC-MS/MS. The anodic peak current is 25 % higher at the modified electrode, suggesting that TRT is adsorbed on the magnetic particles. Using optimized conditions by using multivariate optimization of the parameters inherent of the square wave voltammetry, a calibration curve was constructed with a linear relationship for TRT from 0.500 to 99.8 μmol L −1 . The limits of detection and quantification were 1.47 and 4.91×10
Introduction
The magnetic particles (MPs) have been overexploited as drug carrier materials, cancer therapy, hyperthermia, magnetic separation, magnetic resonance, catalysis, sensors, and biosensors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . As an example of the use of the MPs as biosensors, in the work of Lermo et al., the researchers proposed a biosensor based on the immobilization of the protein conjugate BSAfolic acid in magnetic beads functionalized with tosyl group and subsequent preconcentration using a composite electrode for the determination of folic acid in vitamin-fortified milk sample. Thus, through analysis in 0.01 mol L −1 phosphate buffer solution (pH 7.5), the detection limit and the linear relationship were 6 nmol L −1 and 18.1 to 323.9 nmol L −1 in phosphate buffer solution and 13.1 nmol L −1 and 21.1 to 129.3 nmol L −1 in milk reference solution, respectively [15] .
Mani and co-authors also demonstrated that glassy carbon electrode modified with iron nanoparticles decorated with nanocomposites of graphene/multiwalled carbon nanotubes can successfully be used for determining nitrite in water samples. Under optimized conditions, the amperometric detection of nitrite occurs at +0.77 V in 0.05 mol L −1 phosphate buffer solution (pH 5.0) reaching detection limit of 75.6 nmol L −1 [16] . In general, the most promising MPs are iron oxide particles that can be found in various types such as magnetite (Fe 3 O 4 ), maghemite (γ-Fe 2 O 3 ), and hematite (α-Fe 2 O 3 ) [17, 18] . Among these, magnetite is most extensively studied due to their superparamagnetic behavior at room temperature. In addition to this characteristic, Fe 3 O 4 is suitable for its incorporation into biological areas, because it has no toxicity, presents high biocompatibility, and is easy to be obtained such as: sol-gel, co-precipitation, hydrolysis, and thermal decomposition [19] [20] [21] [22] .
The interest in magnetite particles in electrochemical area is based on their easy use when applied to the modification of electrodes, high adsorption of analyte, and a large surface area, increasing the pre-concentration of the analyte of interest obtaining, thus, low levels of detection as described by several authors [23] [24] [25] .
Bagheri et al. [24] have reported the use of magnetite/ carbon nanotube paste electrode for voltammetric determination of haloperidol. Using optimized conditions of 0.10 mol L −1 Britton-Robinson (B-R) buffer solution (pH 7.5), the authors reached detection limits of 7.02×10 −10 and 1.33×10 −10 mol L −1 for differential pulse voltammetry (DPV) and square wave voltammetry (SWV), respectively. Yin et al. [25] have shown that a voltammetric sensor based on graphene, chitosan, and Fe 3 O 4 nanoparticles modified glassy carbon electrode for the determination of guanine in urine sample. Linear calibration curves were obtained from 2.00× 10
phate buffer solution (pH 7.0). Triamterene ( Fig. 1 ) is a diuretic substance prohibited by the World Anti-Doping Agency (WADA) for athletes. Although it is widely used in hypertension treatments, combat of heart failure, cirrhosis, pulmonary disease, among others [26, 27] , they are also used in order to increase the urinary flow while consequently decreasing the chance of detecting other illegal substances or even reducing the body weight of athletes [28] . By taking into account that competent toxicological trials in clinical and forensic toxicology usually require highly sensitive and selective analytical methods, the use of voltammetric sensor based on MPs could represent a great advantage.
The main analytical methods reported in literature for its determination are high-performance liquid chromatography [29] , cloud point extraction combined with spectrofluorimetry [30] , fluorescence spectroscopy [31] , gas chromatography mass spectrometry [32] , and electrochemical techniques [33, 34] . Nevertheless, there are few studies reporting the determination and quantification of this diuretic in biological samples such as blood or urine [35] . In the work of Ensafi and Hajian [34] , the authors proposed an electroanalytical method using hanging mercury drop electrode for the determination of the triamterene and losartan in urine sample. Through analysis in 0.1 mol L −1 B-R buffer solution (pH 3.0) using cathodic adsorptive stripping square wave voltammetric, a limit of detection of 9.70 and 0.300 nmol L −1 was found for losartan and triamterene, respectively. Therefore, the analytes were not found in the urine sample. Thus, the present work aims to develop a sensor based on the tosyl group-functionalized magnetic particles modifying graphite-epoxy composite electrode for the determination of the diuretic assigned as triamterene (Fig. 1) in the urine sample. For this, the electrochemical oxidation mechanism and also the use of 2 3 factorial design, Doehlert matrix, and multi-response methodology to improve the knowledge about the oxidation process and also to improve the detection of this pharmaceutical compound in the biological fluid were studied.
Experimental Reagents and equipments
All chemicals used in this work were of analytical grade, and the solutions were prepared using ultra-pure water (Milli-Q ® system, Millipore). Triamterene (purity ≥99.9 %) and dimethylsulfoxide were obtained from Sigma-Aldrich. Boric acid, phosphate acid, acetic acid, ammonium chloride, and potassium chloride were from Merck. Sodium hydroxide was obtained from Synth. Measurements of pH were carried out in a TECNOPON mPA 210 pH-meter. The electrochemical experiments were carried out in a potentiostat/galvanostat Autolab PGSTAT302N controlled by the NOVA software, using three electrodes.
Graphite-epoxy composite electrode modified by tosyl-functionalized magnetic particles
The composite electrode was constructed by using a graphite powder and epoxy resin prepared according to a method described in literature [36, 37] . Graphite powder and epoxy resin (1:4) were mixed, and after forming a paste, a thin layer of the Fig. 1 Chemical structure of triamterene mixture was placed to a depth of 3 mm in a cylindrical PVC bat (6 mm i.d.) with an electrical contact to promote contact. A cylindrical magnet (3-mm diameter) was then placed into the center of this electrode, and the body of the electrode was filled with the paste. After filling, the electrode was tightly packed and maintained at rest at 40°C for 1 week to obtain a rigid composite. After electrode preparation, a suspension of 30 mg mL −1 of magnetic particles functionalized with tosyl groups (MPs-To) was diluted in aqueous medium to generate a final solution of 1 mg mL
. Next, 30 μL of the suspension MPs-To was added to the surface of the composite electrode, which was used after evaporation of the solvent for 2 h at room temperature.
Electrochemical analysis
All electrochemical measurements were conducted in an electrochemical cell of 10.0 mL in a conventional system threeelectrode containing the work (composite electrode with and without modification by MPs-To), auxiliary (platinum wire), and reference (Ag|AgCl; KCl, 3 mol L 
LC-MS/MS analysis
Analysis of LC-MS/MS for TRT diuretic and generated electrolyzed products after 3 h at +1.26 V was performed in a high-performance liquid chromatography of 1200 Agilent Technologies coupled to a Mass Spectrometer 3200 QTRAP (Quadrupole Linear Ion Trap LC-ESI-MS/MS) equipped with a Phenomenex Kinetex PFP column (150×4.6 mm; 5 μm). The analysis conditions were based on Murray and Danaceau with some modifications [38] . Sample elution was performed using a gradient mode of a mixture of ultra-pure water containing 0.10 % formic acid (A) and methanol (B). For the analysis of the TRT degradation, the following gradient programming was used: 0-2 min 5 % B, 2-12 min 5-100 % B, 12-13 min 100 % B, 13-14 min 100-5 % B, and 14-20 min 5 % B, using the flow rate of 1 mL min −1 and sample injection volume of 20 μL.
The ion source was operated in an electrospray positive mode at 600°C in the following conditions of ionization: ion spray voltage (IS)=5500 V; curtain gas (CUR)=20 psi; nebulizer gas 1 =50 psi; nebulizer gas 2 =50 psi; declustering potential (DP), 31 V; and entrance potential (EP), 10 V.
The experiments for the investigation of the oxidation products were performed by software LightSight ® (SCIEX), where a series of pre-programmed reactions were investigated based on the fragment ion spectrum of the TRT standard. All the experiments were tested by enhanced mass scan (EMS), and selected reaction monitoring (SRM) with simultaneous acquisition of fragment ion experiments was performed.
Urine samples
The method was applied in the analysis of TRT diuretic in human urine sample using the following procedure: 10 mL of urine sample was collected from a healthy person who volunteered, which was spike to 4.93 μmol L −1 of TRT.
Two milliliters of this sample was diluted in 8 mL of 0.10 mol L −1 B-R buffer solution (pH 6.0) in the electrochemical cell and analyzed without any pretreatment of the sample. The validation of the proposed method was obtained using analyzes of TRT in the same sample by using LC-MS/MS, after previous dilution of five times and sample cleaning. The sample pretreatment was performed using 2 mL of the urine spiked to TRT and submitted to an extraction step in a Phenomenex Strata-X 33u cartridge (200 mg, 3 mL), previously conditioned with methanol (3 mL) and Milli-Q water (3 mL). After sample loading, the sorbent was washed with 2 mL of Milli-Q water. After drying for 1 min under nitrogen gas flow, the analyte was eluted with 2 mL methanol and then an aliquot (150 μL of sample+150 μL of Milli-Q water) was inserted in vials for analysis in the LC-MS/MS.
The LC-MS/MS methodology was performed using a selected reaction monitoring (SRM) experiment, where three transitions of the compound were monitored from the standard optimization by direct infusion at the concentration of 0.10 ppm to 10 μL min −1 . The parameters of SRM were monitored (Table 1) Ionizations in a positive mode condition were the same as described in "LC-MS/MS analysis." For the LC analysis, the same mobile phase was used, however, with a different gradient elution: 0-2 min 30 % B, 2-4 min 100 % B, 4-5 min 100 % B, 5-6 min 100-70 % B, and 6-10 min 70 % B. The Fig. 2(I ). An anodic peak is observed at 1.30 V (without) and at 1.24 V (with modification), and no cathodic peak is observed at reverse scan. The anodic peak increased 25 % at the modified electrode, suggesting that the TRT is preconcentrated on the electrode surface. This behavior can be assigned due to the hydrogen bonds between the hydrogen of the amine of the molecule of TRT with the sulfone group present in the molecule of the tosyl group. The effect of the successive cycles on the voltammograms recorded for TRT using graphite-epoxy composite electrode modified by tosyl-functionalized magnetic particles (GECE/MPs-To) is shown in Fig. 2(II) . It is observed that that anodic peak decreases dramatically after the first scan, indicating that the oxidation product of the TRT also adsorbs on the electrode surface. The spontaneous adsorption is very fast, since there was no current increased when accumulation time (0-5 min) was studied. However, to minimize problems and surface renewal, prior to analysis, the solution was stirred for 20 s to remove the oxidized species, when the peak intensity is completely recovered.
The scan rate effect of oxidation of TRT
The effect of the scan rate ( ) in the anodic peak (I ap ) intensity was investigated from 5.00 to 200 mV s −1 for 100 μmol L −1 of TRT in 0.100 mol L −1 B-R buffer solution. The I ap increased according to a linear relationship with equation
This behavior is an indicative that the charge transfer is controlled by adsorptive process [39] .
The active area of the modified electrode was calculated by the Randles-Sevcik equation (I ap =2.69×10 [39] ,where , A, and I ap are the scan rate, the electrode active area of electrode, and the current peak, respectively, and other symbols have their usual meanings, the concentration of TRT at the surface of the GECE/MPs-To is 3.18×10 −10 mol L −1
. The electron transfer coefficient (α) can be calculated from nα ¼
47:7 mV
taken from the cyclic voltammograms that indicate value of nα=1.68. Knowing that the value of n is 2 (sections "The effect of pH on oxidation of TR" and "Controlled potential electrolysis of the TRT"), the value of α is 0.84.
The effect of pH on oxidation of TRT
The effect of pH on oxidation of 100 μmol L −1 of TRT in 0.10 mol L −1 B-R was evaluated from pH 4 to 9. Higher pH value promotes the diuretic deprotonation resulting in the decreased of hydrogen bonds between the analyte and the MPs-To. Higher current intensity was found at pH 6 coupled to better peak resolution, which was chosen at further studies. In addition, a shifting of anodic peak potential (E ap ) to more negative potentials was observed, whose slope is −59 mV/αn, suggesting that the ratio of e − /H + for oxidation of TRT is around 1 [39] . In agreement with the predict for irreversible process with analyte adsorption [40] ,
where α is the coefficient of electron transfer, k s the heterogeneous electron transfer rate constant, n the number of electrons transferred, the scan rate, and E 0 is the formal redox potential. Thus, the term αn can be obtained by the slope of the relationship between E ap vs ln . Substituting the values of E ap vs ln (0.0157), R (8.314), T (298), and F (96,480), the αn is equal to 1.63. So, knowing that the value of α is equal to 0.84, the number of electrons that participate in the oxidation process of TRT is 1.95 (n=2), confirming the value found in section "Controlled potential electrolysis of the TRT." Thus, as the proportion of e − /H + is the same, the amount of protons that participate in reaction is equal to 2. In order to obtain more details about the electrochemical oxidation of TRT, further studies were carried out using controlled potential electrolysis.
Controlled potential electrolysis of the TRT
The oxidations were carried out for 100 μmol L −1 of the TRT in 0.10 mol L −1 B-R buffer solution (pH 6.0) using a Pt electrode. The electrolysis was performed at a potential more positive than the oxidation peak recorded on this electrode (+ 1.26 V vs Ag/AgCl) during 3 h. The current was recorded as a function of time, and the number of electrons (n) consumed in the total oxidation was determined. The current decays exponentially with time and the n values obtained are around two electrons (valor real±0.220 with three repetitions). At the end of the electrolysis, the products at the anode were examined by LC-MS/MS in agreement with the procedure described in experimental section. The total ion chromatogram (TIC) of the control sample (TRT solution before electrolysis) showed a peak at 7.9 min (Fig. 3a) (Fig. 3b) . The same analysis was performed with the electrolysis sample and as observed at (Fig. 3e) . The mass difference of 2.0 Da observed confirmed the oxidation product of TRT. MS 2 experiments were also performed for both compounds. The TRT fragment ion spectra (Fig. 3c) showed m/z 237 corresponding to the loss of 17 Da (−NH 3 ), m/z 212 (loss of (Fig. 3f) . The high similarity between both spectra has led to the proposal of the structure found at Fig. 3d .
Electroanalytical determination of TRT
In order to obtain TRT low detection levels besides the use of GECE/MPs-To, the performance of linear scan, differential pulse, and square wave voltammetric techniques were compared. For this, voltammograms were recorded for 100 μmol L −1 of TRT in 0.10 mol L −1 B-R buffer solution (pH 6.0). The peak current intensity increased almost 44 and 85 % for the square wave voltammetry compared to linear scan voltammetry and differential pulse voltammetry, respectively. Thus, the square wave technique was chosen for the quantification of the diuretic. The parameters of square wave voltammetry technique were optimized aiming at determining of TRT through the 2 3 factorial design, Doehlert matrix, and multi-response methodology [41] [42] [43] . The analytical signals (I ap and base line) from the 2 3 factorial design, designated overall desirability, as well as their parameters and levels are shown in Table 2 . Besides the experiments from the 2 3 factorial design, the central point was included in the planning in order to analyze the behavior between the minimum points (−) and maximum (+). To calculate the overall desirability of each experiment, individual desirabilities (di) were determined. The individual desirability is expressed as a dimensionless value ranging from 0 (undesired response) to 1 (desired response). Since the objective is to maximize I ap , individual desirability for each experiment can be calculated using the following equation:
where y is the value obtained experimentally, L is the lowest value obtained among all experiments performed, and H is the highest value obtained from all the experiments analyzed. However, to the base line (B.L.), the smaller value is a better response; thereby, the calculation of the individual desirability for this response may be made using Eq. 2:
Thus, possession of the individual desirabilities, the overall desirability (O.D.) was determined by the geometric mean of individual desirabilities, as shown in Eq. 3:
The responses in O.D. were used for statistical treatment. As shown in Fig. 4 , all parameters and interactions presented negative effect except the parameter E sw . This indicates that the best answers are obtained when the parameters ΔE and f are at their lowest levels, while for the parameter E sw , the best answer was observed at their highest level. At the 95 % significance level, the effect of all interactions and parameters was significant except for the parameter f that was not significant for the method.
Among all the results shown in the Pareto diagram, the curvature (Curv.) was the most significant study to the work. The Curv. is given by the following equation [44] :
where R ed is the average responses obtained from experiments specified by the factorial design and R cp is the average responses obtained for the central point. Thus, a positive value indicates that the best answers are acquired for the points belonging to the factorial design while a negative value for the Curv. indicates that best results are found for the points near the central point. Thus, as shown in Fig. 5 , the effect for the Curv. presented a negative result, indicating that the best responses are obtained for values of the center point. Since the parameters E sw and ΔE were significant for the method, a more detailed study was carried by Doehlert matrix. As f showed no significance for the method at level 95 %, the frequency was set at its lowest level (30 Hz) , where the best responses were obtained. For Doehlert matrix, the same analytical responses were used (I ap and B.L.). Thus, the responses were converted in terms of di according to Eqs. 1 and 2 and then in O.D. Table 3 . Through analysis of variance (ANOVA), it was verified that the values of F calculated (F calc. ) were lower than the value of F tabulated (F tab. ) for the parameters E sw and ΔE, both linear. This indicates that the levels for the parameters E sw and ΔE were studied in a satisfactory range (Table 4 ). In addition, the value of 
Therefore, the statistical model above was derived, so maximum values of E sw (11.5 mV) and ΔE (36.2 mV) were obtained. In Fig. 5 , the response surface from the Eq. 5 is shown. , where the relative standard deviation was 4.10 and 3.24 %, respectively, indicating that the proposed electrode is not poisoned in consecutive tests since the solution is stirred between measurements.
Analytical curve

Interference study
The influence of possible interfering compounds such as uric acid (UA), urea (UR), ascorbic acid (AA), glucose (GL), and creatinine (CR) on the peak currents recoveries of TRT determination as well as on the peak resolution was examined. , where the percentage of I apt /I ap0 was between 96.0 and 106 %. Nonetheless, for concentration of 300 mmol L −1 of CR, a relationship between I apt /I ap0 of 110 % was observed, indicating that in higher concentrations, the CR can act as a possible interference in the determination of TRT diuretic.
Application of the GECE/MPs-To to the analysis of TRT in human urine samples
Firstly, the performance of the proposed sensor was tested in tap water samples to evaluate the method recovery. For this, tap water samples were spiked to 15.0 μmol L −1 TRT. The recovery was verified by the standard addition method, where the added and recovered values are shown in Table 5 . As can be seen, for all samples, the recoveries were between 98.7 and 103 %. The calculated value of t (t calc. ) was smaller than t tabulated (t tab. ), indicating that there is significant difference at 95 % confidence between the fortified and recovered concentration. In addition, the recoveries of TRT in tap water did not exceed 3.30 % error, indicating good applicability of the method. Afterwards, the applicability of the GECE/MPs-To to determine TRT in human urine sample was tested. As described in the experimental part (section "Urine samples"), an aliquot of spiked urine with 4.93 μmol L −1 of TRT was added in the electrochemical cell without prior treatment of the sample. The respective voltammogram is shown in Fig. 8 before ("a" for supporting electrolyte and "b" for human urine sample) and after (c to h) successive standard additions of TRT. An excellent linear relationship was obtained, and a value of 4.97 ±0.150 μmol L −1 was found (Fig. 8, insert) , which represent 101 % of recovery. The method was validated by using LC-MS/MS where the urine sample was treated as previously described in section "Urine samples." The chromatographic peak employed for quantification was observed in the t r. of 3.39 min which corresponds to the most intense transition monitored (first transition showed at Table 1 Calculating the Student's t test (paired t test), a value of 3.83 was found, where the calculated value is less than the value of t crit. (4.30) [45] . Thus, the results for the recovery of the TRT in the human urine sample by the proposed method showed no significant difference at 95 % confidence compared to LC-MS/MS technique.
Conclusion
In this work, a simple and reliable electroanalytical method based on a graphite-epoxy composite electrode modified by tosyl-functionalized magnetic particles (GECE/MPs-To) for determination of the triamterene diuretic in human urine sample was proposed. After multivariate optimization of the inherent parameters of the square wave voltammetry, an analytical curve was constructed in wide linear range and low limit of detection plus excellent repeatability for different concentrations. The GECE/MPs-To was successfully applied in human urine sample where there was no significant difference when compared to LC-MS/MS technique. Finally, this work is an attractive method for environmentally friendly detection.
